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Observation of free and bound excitons associated with the two-dimensional
in modulation-doped heterostructures

electron gas

D. C. Reynolds, D. C. Look, and B. Jogai
University Research Center, Wright State University,

Dayton, Ohio 45435

C. E. Stutz
(Received 17 January 1994)
Overlapping bulk and two-dimensional excitons have been observed in modulation-doped heterostructures. Their differing behavior in a magnetic field allows them to be studied separately. Both free and
bound excitons, associated with the two-dimensional electron gas, have been observed in the photoluminescence spectra of these structures. These excitons show a reduced binding energy due to screening and are found in a region of the structure where band-gap renormalization occurs due to many-body
interactions. The two-dimensional excitons are identified from measurements conducted in applied magnetic fields.

I. INTRODUCTION
We report the results of photoluminescence (PL) measurements made on modulation-doped
heterostructures
both with and without applied magnetic fields. The emission spectra show distinctive features associated with a
two-dimensional electron gas (2DEG}.
Both free and bound two-dimensional excitons (X2D}
are observed
in
these
modulation-doped
single
twoheterostructures.
The
Al„Ga& „As-GaAs
dimensional exciton is defined as an exciton formed from
an electron associated with the 2DEG and a valenceband hole. A magnetoexciton of similar nature was observed by Driessen, Olsthoorn, and Giling' in undoped
heterostructures.
In heterostructures of this type, bulk
GaAs free and bound excitons, formed in the GaAs active layer, are superimposed with free and bound XzD's.
The two types of excitons are identified by their different
diamagnetic shifts. It would be expected that XzD would
have a smaller binding energy than the bulk GaAs free
exciton (X) due to screening effects. This would result in
a larger diamagnetic shift for XzD than for X, which is
clearly observed. With the smaller binding energy it
would be expected that XzD would come at a higher transition energy than X in zero magnetic field. The opposite
is observed, and it is believed that renormalization of the
band gap due to many-body interactions results in a
smaller band gap in the notch region and thus a lower energy for XzD. Band-gap lowering due to many-body interactions has been reported by Pinczuk et al. in
modulation-doped
GaAs-A1„Ga, As quantum wells.
From the diamagnetic shifts and the known binding energy of X (4.2 meV), the binding energy of XzD was determined (3.4 meV). The quadratic relationship between the
photon energy and the magnetic field allows one to determine the transition energy of XzD at zero field by extrapolation. This analysis gives a band-gap lowering of approximately 2 meV resulting from many-body interac-

tions.
The bulk GaAs neutral donor bound exciton
0163-1829/94/49(16)/11456(3)/$06. 00
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transitions and neutral acceptor bound exciton (A, X)
transitions are also observed. These transitions have diamagnetic shifts comparable to those of X, as would be
expected since the binding energies of the excitons to
these centers is small. Transitions are observed on the
X and A, X with diamagnetic
low-energy side of
shifts comparable to those of XzD. These transitions we
assign to
XzD and A, XzD. The linewidths of these
transitions are greater than the analogous transitions associated with bulk GaAs. This results from the increase
in binding energy of the donors and acceptors as one
moves from the notch region toward the neutral GaAs
The increased
region due to decreased screening.
binding-energy results in an increase in the binding enerAs the
gy of Xzo to the center as described by Haynes.
transitions move from the notch region toward the neutral GaAs region, the binding energy will increase, resulttail on the transition energy
ing in a long-wavelength
since the transition energy is the XzD energy minus the
binding energy of XzD to the center. The energy, diamagnetic shift, and linewidth of these transitions are all
consistent with the
XzD and A, XzD assignments.

D,

D,

D,

II. EXPERIMENTAL DETAILS
The sample studied was an Al„Ga& „As-GaAs heterostructure grown by molecular-beam epitaxy (MBE) on a
semi-insulating GaAs substrate. The sample was nominally oriented 2' from (100) toward the nearest (110). A
Perkin-Elmer cracker cell was used to produce dimeric
arsenic as the arsenic growth species. The buffer-layer sequence consisted of 500-A GaAs, followed by a ten-cycle
[(30-A Al Ga, „As)/30-A GaAs]) superlattice, followed
by 5000-A GaAs with an additional 200-A Be-doped
(10'5 cm ) GaAs; this was followed by 20-A undoped
Al„Ga& As with an additional 400-A uniformly doped
(1X10' cm Si) A1„Ga& „As. The x value in all cases
was 0.3. The structure was terminated with a 100-A
GaAs undoped cap. Hall-effect measurement were carried out at 77 K, and analyzed by a technique which
makes use of the magnetic-field dependence of the con11 456
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3 is the orbital area of the exciton which is mao, where
ao is the Bohr radius (proportional to m '). From the
measured diamagnetic shifts and the known reduced
mass m~ of X, the following relationship gives the reduced mass mz of X2D..
2D

3

mz

=
=m~mz3 .

A reduced mass mz =0.039 is obtained.
2D

(2)

Using

13.6p,
B

for the exciton binding energy, the binding energy
=3.4 meV is obtained. The extrapolated transition
energy of X2D from Fig. 3 is 1.5140 eV. Adding to this
the exciton binding energy of 3.4 meV gives a band gap of
1.5174 eV. This is 2. 1 meV smaller than the band gap of
GaAs 1.5195 eV. This reduction in band gap is attributed to many-body interactions. The effect of many-body
interactions has been calculated by Jogai for GaAsAl„Ga, „As multiple quantum wells. The calculation
was extended to include surface states and was applied to
As heterostructure being investigatthe GaAs-Al„Ga,
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ed. An electron carrier concentration of 1. 16X10'
cm
was calculated, which is in good agreement with
the measured value of 1.07X10' cm . An upper limit
of 5 meV was calculated for the band-gap renormalization. This is also consistent with the value (2. 1 meV)
determined from the zero-field transition energy and the
measured diamagnetic shift. In Fig. 2 the increased
linewidths of the X2D-related transitions are observed.
This would be expected as explained in Sec. I.
In conclusion, we have shown the presence of twodimensional excitons in modulation-doped
heterostructures in which the electron is associated with the 2DEG.
The excitons are formed in a region of the structure
where the binding energy is reduced by screening effects,
and where band-gap renormalization
occurs due to
many-body interactions.

X2D
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